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LETTER TO THE EDITOR
Eets of the magneti elds on the protoneutron star
struture.
R. Ma«ka, M. Zastawny-Kubia, A.Brzezina, I.Bednarek
Department of Astrophysis and Cosmology, Institute of Physis, University of
Silesia, Uniwersyteka 4, 40-007 Katowie, Poland.
The equation of state of a protoneutron star matter inluding the eets of magneti
eld, temperature, nulear asymmetry and trapped neutrinos are studied. Using the
Oppenheimer-Volko-Tolman equation global parameters of the protoneutron star are
obtained. Presene of the nulear asymmetry and magneti eld make the protoneutron
star more ompat.
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Properties of dense matter in strong magneti eld has been the subjet of
investigations in astrophysis of white dwarfs, protoneutron and neutron stars. It is
motivated by the fat that magneti elds of the order of 108 G - 1018 G are known to
exist in many ases of these objets. Properties of protoneutron stars, under various
assumptions onerning omposition and equation of state of hot lepton rih matter were
studied by many authors (Strobel et al. 1999, Bombai et al. 1995, Takatsuka 1995,
Ma«ka et al. 2001) [1, 2, 3, 4℄. Matter inside a protoneutron star is highly degenerate
and hemial potential of its onstituents are a few hundreds of MeV . The strength of
magneti eld of a protoneutron star hanges from 108 G at the surfae up to 1018 G in
the enter of the star. The interior magneti elds are a few orders of magnitude larger
than the surfae ones [5℄.
The aim of this letter is to study the basi properties of the protoneutron stars, suh as
masses and radii. The onstrution of protoneutron star model is based on various
realisti equation of states and results in the general piture of protoneutron star
interiors. Thus the proper form of the equation of state is essential in determining
protoneutron star properties, suh as the mass-range and the mass-radius relation.
The omplete and more realisti desription of a protoneutron star requires taking
into onsideration eets of nite temperature and nonzero magneti elds. Using
the relativisti mean-eld theory approah the adequate form of the equation of state
enlarged by ontributions oming from magneti eld and temperature is onstruted
and serves as an input to the Oppenheimer-Volko-Tolman equations. The theory
onsidered here omprises eletrons, neutrinos, salar, vetor-salar and vetor-isovetor
mesons. The RMF theory implies that the nuleon interations appear through the
exhange of meson elds [6, 7, 8, 9℄. This theory is very useful in desribing nulear
matter and nite nulei. Its extrapolation to large harge asymmetry is of onsiderable
interest in nulear astrophysis and partiulary in onstruting protoneutron and
neutron star models where extreme onditions of isospin are realized. The Lagrangian of
the theory ontains baryon, meson and lepton degrees of freedom and an be represented
as the sum
L = LB + LL + LM + LG + LQED, (1)
where LB, LL, LM, LG desribe the baryoni, leptoni, mesoni and gravitational terms,
respetively. The LQED is the Lagrangian density funtion of the QED theory. The
fermion elds are omposed of neutrons, protons, eletrons and neutrinos. In strong
magneti eld, ontributions from the anomalous magneti moments of protons and
neutrons (µb) must be also onsidered [10℄. The baryoni term of the Lagrangian density
funtion is given by
LB = iψγ
µDµψ − ψ(M − gσϕ)ψ + µbψσµνF
µνψ, (2)
where the ovariant derivative Dµ is dened as
Dµ = ∂µ +
1
2
igρρ
a
µσ
a + igωωµ + iQAµ. (3)
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gσ gω gρ g2[MeV ] g3
10.0289 12.6139 9.2644 1427.18 0.6183
Mσ [MeV ] Mω [MeV ] Mρ [MeV ] M [MeV ] c3
511.198 783 770 938 71.3075
Table 1. The parameter set of the model [12℄.
The anomalous magneti moments introdued via the minimal oupling of the nuleons
to the eletromagneti eld tensor for eah baryon give ontributions to the Lagrangian
density funtion whih are ontained in the µbψσµνF
µνψ term , where σµν =
i
2
{γµ, γν}.
The leptoni part of the total Lagrangian has the form
LL = i
∑
f
L¯fγ
µD˜µLf −
∑
f
gf(L¯fHeRf + h.c), (4)
where D˜µ = ∂µ − ieAµ and e is the eletron harge. The vetor potential is given by
Aµ = {A0 = 0, Ai} where
Ai = −
1
2
εilmx
lBm0 .
The gauge in whih uniform magneti eld B lies along the z-axis was hosen Bm0 =
(0, 0, Bz). The mesoni part of the Lagrangian density funtion onsisting of isosalar
(salar σ, vetor ω) and isovetor (vetor ρ) mesons is given by
LM = −
1
2
∂µϕ∂
µϕ− U(ϕ)−
1
4
FµνF
µν −
1
4
WµνW
µν −
1
2
M2ωωµω
µ
−
1
4
c3(ωµω
µ)2 −
1
4
RaµνR
aµν −
1
2
M2ρρ
a
µρ
aµ,
where Fµν is the eletromagneti stress tensor, Wµν and R
a
µν are vetor meson elds
strength. The potential funtion U(ϕ) has a very well known form introdued by Boguta
and Bodmer [11℄. The parameters used in this model are olleted in Table 1. In the
mean-eld approximation baryon urrents in eld equations are replaed by their ground
states expetation values. Mesons elds are replaed by their mean values σ =< ϕ >,
wµ =< ωµ >= δµ,0w and r
a
µ =< ρ
a
µ >= δ
a,3δµ,0 r. The Dira equation for the nuleon
quasipartile has the form
(iγµDµ −meff )ψ = 0 (5)
with the ovariant derivative given by
Dµ = ∂µ +
1
2
igρr
a
µσ
a + igωwµ + iQAµ (6)
The eetive nuleon mass meff equals
meff = Mδ = M − gsσ. (7)
This redene the proton and neutron hemial potentials
µp = εp + gωw +
1
2
gρr (8)
µn = εn + gωw −
1
2
gρr (9)
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where εf =
√
k2 +m2eff (f = {p, n}). Having obtained the eetive nuleon hemial
potentials one an desribe the hemial equilibrium of the system whih is imposed
through relations between hemial potentials. Protoneutron star matter is assumed to
be in beta equilibrium and eletrially neutral
p+ e↔ n+ νe. (10)
This an be expressed as a relation between the hemial potentials of the protoneutron
star onstituents
µνe = µe + µp − µn. (11)
Using relations (8) and (9) the neutrino hemial potential protoneutron star matter is
obtained
µνe = µe + εp − εn + gρr.
The harge neutrality means that ne = np. The assumption that only νe are aptured
inside the star ore was made. The proton fration is dened by the physial onditions
in the star and is determined by beta equilibrium and by nulear asymmetry. Eets
due to muon neutrino and antineutrino were ompletely ignored beause muons annot
be produed in the low-density medium. In this letter the eets of moderate magneti
eld on the equation of state of a relativisti, degenerate gas is onsidered. The well
known dispersion relation for baryons takes the form [13℄
Ebn,pz,s =
√
p2z + (
√
m2eff + 2nQBz + sµbBz)
2
(12)
and for small values of magneti elds strength the equation (12) is given by
Ebn,pz ∼
√
p2z +m
2
eff + 2nQBz .
Along the eld the partile motion is free and quasi-one-dimensional with the modied
density of states. The fermion density of states in the absene of magneti eld is
replaed by the sum
2
∫
d3p
(2pi)3
→
∑
s
∞∑
n=0
[2− δn0]
∫
eBz
(2pi)2
dpz,
where the symbol δn0 denotes the Kroneker delta [14℄ and thus the spin degeneray
equals 1 for the ground (n = 0) Landau level and 2 for n ≥ 1. The total pressure of
the system an be desribed as the sum of pressure oming from fermions, mesons plus
orretions oming from eletromagneti eld
P = Pf + PM + PQED.
The ontributions from the same onstituents form the energy density
ε = εf + εM + εQED,
where εQED = PQED =
1
2
B2. The fermion pressure is dened as
Pf =
γim
4
i
4pi2
∑
s
∞∑
n=0
[2− δn0](I−1,2,+(zi/ti, (
√
δ2i + 2γin+ s
µb
Qi
γi)
2)
+ I−1,2,−(zi/ti, (
√
δ2i + 2γin+ s
µb
Qi
γi)
2)
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Figure 1. The mass-radius relation for protoneutron star for dierent values of
dimensionless magneti eld strength γe = B/Bc (the ritial magneti eld strength
for eletron equals Bc = m
2
e
/ | e |= 4.414× 1013 G).
where the Fermi integral
Iλ,η±(u, α) =
∫
(α + x2)λ/2xηdx
e(
√
α+x2∓u) + 1
was used, zi = µ0/mi, ti = kBT0/mi, ui = zi/ti and γi = Bz/Bc,i = QiB/m
2
i . The
ritial magneti eld strength for eletron equals Bc = m
2
e/ | e |= 4.414 × 10
13 G and
for proton Bc ∼ 10
20 G. The index i denotes fermions.
The fermion energy density is dened with the use of the Fermi integral
εf =
γim
4
i
4pi2
∑
s
∞∑
n=0
[2− δn0](I1,0,+(zi/ti, (
√
δ2i + 2γin+ s
µb
Qi
γi)
2)
+ I1,0,−(zi/ti, (
√
δ2i + 2γin+ s
µb
Qi
γi)
2).
The mass-radius relation for the protoneutron star with and without magneti eld
is presented in gure 1. The temperature is xed and equals 30MeV , the lepton fration
is assumed YL = 0.4 and the proton fration YP ≃ 0.3. These onditions are adequate
for the trapped neutrino ase. In this gure the mass-radius relations for protoneutron
star with and without eld ρ are depited. The magneti eld auses that these objets
are more ompat and similar to a ordinary neutron star. Comparing protoneutron star
parameters namely masses and radii one an go to the onlusion that protoneutron star
model alulated in the presene of magneti eld results with smaller radii and bigger
masses than the one obtained in the absene of magneti eld. The neutrino hemial
potential as a funtion of the entral density is shown in gure 2. One an ompare
the inuene of the nulear asymmetry whih is driven by the meson ρ. Its presene in
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Figure 2. The neutrino hemial potential versus the entral density for the
protoneutron star.
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Figure 3. The hemial potential-radius diagram for the protoneutron star for
dierent values of the lepton fration. The dimensionless magneti eld strength
γe = B/Bc = 9.5× 10
3
.
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the protoneutron star matter diminishes the value of neutrino hemial potential and
dereases the protoneutron star mass. This feature strongly depends on the nulear
interations inside a protoneutron star. Figure 3 depits the omparision of neutrino
hemial potentials alulated with and without the inuene of asymmetry with the
eletron one. This piture shows the proles of the mentioned above hemial potentials
inside the star. The nulear asymmetry diminishes the value of neutrino hemial
potential inside the star and thus lowers its density. The inuene of asymmetry is
the most distintive in the high density region inside a protoneutron star. It was
examined for moderate strength of magneti eld. In onlusion, the magneti eld
and nulear asymmetry make the protoneutron star more ompat astrophisis objet.
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